Introduction
Many early studies focused on inhibiting CD4 ϩ T-cell allorecognition pathways to induce transplantation tolerance in rodents. 1 However, the activation of memory allogeneic reactive CD8 ϩ T cells has proven a major obstacle to tolerance induction. [2] [3] [4] Their high frequency in human adults and resistance to many immunosuppressive strategies might be one of the reasons why successful tolerance-inducing strategies in rodents have failed in primates. 5 By inducing the apoptosis of graft cells, cytotoxic CD8 ϩ T cells have a critical role in allograft rejection. 6, 7 The presence of alloreactive CD8 ϩ T cells has also been correlated with the epithelial cell to mesenchymal cell transition in chronic rejection of human kidney 8 and immunoresistant CD8 ϩ T-cell responses in humans were associated with increased incidence of acute allograft rejection. 9 Taken together, these findings suggest that CD8 ϩ T cells might remain active in allograft recipients, despite chronic immunosuppression. Many experimental findings have thus reinforced the view that CD8 ϩ T-cell responses require specific manipulation in addition to CD4 ϩ T-cell responses for effective prevention of organ transplant rejection in both primates and humans. 5, 10 However, the mechanisms involved in the activation and memory development of alloreactive CD8 ϩ T cells remain to be elucidated. Greater understanding of this process might therefore help to find new strategies to control CD8 activity and might have important implications for transplantation.
It is often assumed that CD4 ϩ helper T cells are essential for the activation of cytolytic lymphocytes, [11] [12] [13] especially for memory development, but the requirement for cognate help is not absolute and may be bypassed by alternative pathways, as suggested by studies showing that primary CD8 ϩ T-cell responses against several pathogens are unimpaired in the absence of CD4 ϩ cells. [14] [15] [16] In allotransplantation, several studies have recently reported CD8 ϩ -mediated allograft rejection independently of CD4 ϩ cells 6, [17] [18] [19] and their resistance to immunoregulation by agents that control CD4-dependent rejections have been noted. 20, 21 Despite the recognition of alloreactive CD4-independent, CD8-dependent immune responses as a barrier to allograft survival, little is known regarding the conditions that promote activation of this pathway, especially in humans.
Dendritic cells (DCs) are the main professional antigenpresenting cells (APCs) involved in the initiation of CD8 ϩ T-cell responses to many antigens. 22 Several studies have reported that human DCs can activate CD8 ϩ T-cell cytotoxic activity independently of CD4 ϩ helper cells. 23, 24 However, the signals required by DCs to acquire the ability to activate CD8 ϩ cells have still not been completely defined. In this study, we investigated further the ability of human DCs to induce the differentiation of allogeneic CD8 ϩ lymphocytes into effector cytotoxic cells in the absence of CD4 ϩ T cells. We also explored the possibilities of modulating this ability by pretreating DCs with mycophenolic acid (MPA), the active metabolite of mycophenolate mofetil routinely used in transplantation and in autoimmune diseases. 25, 26 MPA inhibits inosine 5Ј-monophosphate-dehydrogenase (IMPDH) involved in de novo synthesis of guanosine nucleotides in T lymphocytes.
The results of the study presented here demonstrated that lipopolysaccharide (LPS)-treated DCs were able to induce cytotoxic allogeneic CD8 ϩ T cells independently of CD4 ϩ T cells. We also found that pretreatment of DCs with MPA abolished this capacity through the inhibition of interferon-␥ (IFN-␥) synthesis in DCs. These results suggest that IFN-␥ has an important role in licensing human DCs to prime CD4-independent CD8 ϩ allogeneic T cells via an autocrine loop and may provide new approaches to modulating the CD8 cytotoxic alloresponse to promote allograft tolerance.
Methods

Reagents and cytokines
Cells were cultured in RPMI 1640 medium (Gibco) supplemented with 50 IU/mL penicillin (ICN), 50 IU/mL streptomycin (ICN), 2mM L-glutamine (BioWhittaker) and 10% heat-inactivated fetal calf serum (FCS; Gibco). Recombinant human interleukin-4 (IL-4) was obtained from R&D Systems (Abingdon) and rh IFN-␥ obtained from Peprotech. Granulocyte macrophage colony-stimulating factor (GM-CSF) was obtained from Abcys (Reuil Malmaison), and LPS and MPA, from Sigma-Aldrich.
Generation of DCs
The blood of healthy volunteers was obtained by cytapheresis after signed informed consent. Human peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Hypaque density gradient centrifugation (Lymphoprep). Monocytes were prepared either by selective adhesion to plastic or purified by positive selection using anti-CD14-conjugated magnetic microbeads (Milteny Biotec). Immature DCs were generated by culturing monocytes for 5 days in RPMI 1640 containing 10% FCS, 50 IU/mL penicillin, 50 IU/mL streptomycin, 25 ng/mL IL-4, and 1000 IU/mL GM-CSF at 37°C in a humidified 5% CO 2 atmosphere as previously described. 27 Day 5 DCs were stimulated for 2 days with either LPS alone (50 ng/mL) or LPS with 100M MPA (MPA-DCs). On day 7, DCs were washed extensively with RPMI/10% FCS before further culture.
Isolation of CD8 ؉ T-cell subsets
CD8 ϩ T cells were obtained from human PBMCs by positive selection using magnetic beads coated with an anti-CD8 antibody (Dynal) according to the manufacturer's instructions. Briefly, peripheral blood lymphocytes were resuspended in 1 mL phosphate-buffered saline (PBS) with 0.1% FCS and 2mM EDTA (ethylenediaminetetraacetic acid) for 25 minutes at 4°C, and Dynabeads were added. The cells were detached by incubating with Detachabeads for 45 minutes at room temperature. CD8 ϩ CD45RA ϩ T cells were then purified from pre-purified CD8 ϩ T cells by positive selection using magnetic beads coupled to an anti-CD45RA antibody (Dynal Biotech). The negative fraction (CD45RA Ϫ ) was used as memory cells (staining with anti-CD45RO showed that more than 95% were positive for this marker confirming the memory phenotype, data not shown).
Proliferation assay
In the allogeneic mixed lymphocyte reaction (MLR) assay, mature DCs (mDCs) or MPA-DCs were distributed in 96-well plates at 3 ϫ 10 4 cells in 100 L per well, and allogeneic CD8 ϩ T cells, CD8 ϩ RO ϩ or CD8 ϩ RA ϩ (10 5 cells/100 L), were added to each well (when specified, IL-2 was added to the culture at 100 IU/mL; R&D Systems). T-cell proliferation was measured using 1 Ci [ 3 H]-thymidine (Amersham Pharmacia, Biotech) during the last 18 hours of the 6-day culture. The levels of [ 3 H]-thymidine incorporation into the cellular DNA were determined by liquid scintillation counting (Tri-Carb 2550 TR/LL, Packard). In some experiments, we carried out a second allogeneic MLR: allogeneic CD8 ϩ T cells were first cocultured with mDCs or MPA-DCs for 6 days. At the end of coculture, cells were harvested, washed, and cocultured in 96-well plates with mDCs from the same donor or from a third party donor at a DC:T ratio of 1:3 (when specified, IL-2 was added to the wells at 100 IU/mL). CD8 ϩ T-cell proliferation was then assessed as described in the paragraph.
Cytokine production assay
Determination of cytokine concentrations in culture supernatants was performed by enzyme-linked immunosorbent assay (ELISA) according to manufacturer's protocols. Reagents for IL-2, IL-4, IL-5, IL-10, IL-12, tumor necrosis factor-␣ (TNF-␣), transforming growth factor-␤ (TGF-␤), and IFN-␥ measurement were obtained from eBiosciences. To activate latent TGF-␤, the samples were acidified (1N HCl) and then neutralized (1N NaOH). Samples were assayed in triplicate and were quantified by comparison with standard curves obtained with purified recombinant cytokines. Optical densities were measured in an ELISA platereader at 450-nm wavelength. The results are presented as the means of triplicate wells.
Antibodies and flow cytometry
A total of 10 5 CD8 ϩ cells (cocultured with mDCs or MPA-DCs for 6 days) were incubated with fluorescence-labeled conjugated mouse anti-human antibodies (mAbs) for 30 minutes at 4°C. The following mAbs were used for cytometric analysis: CD8-APC Cy7 (clone SK1, immunoglobulin 
Cytotoxicity assay by flow cytometry CFSE/7-AAD
PBMC target cells (10 6 ) were labeled with 2 L of carboxyfluorescein succininyidyl ester (CFSE) (Sigma-Aldrich; 5M stock concentration) for 10 minutes at 37°C in 1 mL of PBS. After quenching the labeling reaction by addition of FCS, cells were washed extensively and immediately used in the cytotoxicity assay. Effector cells (E) were seeded with a constant number of CFSE-labeled target cells (T) at different E:T ratios (4:1, 2:1, 1:1, 1:2, 1:4, and 1:10). In parallel, target cells were incubated alone to measure basal lysis. Cells were incubated in 96-well microplates in a total volume of 200 L complete medium for 7 hours in a 5% CO 2 atmosphere at 37°C. Cell mixtures were then washed in PBS and incubated in PBS containing 1 g of 7-amino actinomycin D (7-AAD; Sigma-Aldrich). CFSE fluorescence and 7-AAD emission were detected in the FL-1 and FL-3 channels, respectively. For each E:T ratio, 30 000 target cells were acquired. Analysis was performed with BD FACS Diva software Version 6.1.2. The percentage of specific lysis (PSL) was determined by the formula: PSL ϭ 100 ϫ (% sample lysis Ϫ % basal lysis)] / (100 Ϫ % basal lysis).
Statistical analysis
Data for each experiment were expressed as mean values (Ϯ SD) and the results were analyzed for statistical significance using the paired nonparametric Wilcoxon test. The level of significance was set at P Ͻ .05.
Results
MPA did not affect maturation marker expression induced by LPS on DCs but inhibited cytokine synthesis
Full activation of CD8 ϩ T cells required a cognate interaction between the T-cell receptor and the major histocompatibility complex-peptide complex and costimulatory signals. We first analyzed the effect of MPA on the human DC maturation phenotype after stimulation with LPS. We found that MPA-DCs and LPS-DCs expressed similar levels of CD83, CD25, CD80, CD86, CD40, CD54, and CD58 ( Figure 1A ). Recent studies in rodents have suggested that the interaction between CD70 on DC and CD70L (CD27) on T cells might be an important costimulatory signal for CD8 activation. 28 We therefore analyzed the role of this interaction in our experimental model. We found that neither mDCs nor MPA-DCs expressed this molecule as reported by ArimotoMiyamoto et al 29 ( Figure 1A right histogram) .
In addition to phenotype maturation, we also investigated the cytokine secretion profile of human DCs stimulated with LPS in the presence or absence of MPA. We first showed that immature DCs did not produce any detectable level of IL-12p70, IFN-␥, or TNF-␣ whereas stimulation with LPS resulted in significantly increased production of these cytokines (data not shown and Figure 1B ). Interestingly, we found that adding MPA to LPS significantly inhibited these cytokine secretions ( Figure 1B ). In addition, double staining for DC-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) and intracytoplasmic IFN-␥ showed that MPA strongly decreased the number of double positive cells (33.4% for MPA-DC vs 71.2% for mDCs), confirming that MPA affected the production of IFN-␥ in DCs ( Figure 1C ).
LPS-treated DCs induced CD4-independent CD8 ؉ T-cell proliferation whereas pretreatment of DCs with MPA abolished this capacity
Purified CD8 ϩ T lymphocytes were mixed with allogeneic DCs (pretreated with either LPS or both MPA and LPS). T-cell proliferation was assessed on day 6. As shown in Figure 2A , we first demonstrated that mDCs supported the proliferation of purified allogeneic CD8 ϩ cells independently of CD4 cells, whereas MPA-DCs did not (14 375 counts per minute [cpm] Ϯ 790 vs 3086 cpm Ϯ 245). It has previously been suggested that contaminating components of adherent PBMCs (especially natural killer cells) might have a role in allogeneic CD8 ϩ T-cell activation in the absence of CD4 ϩ helper T cells. 30 To obtain highly purified DCs, we positively selected CD14 monocytes (Ͼ 97% purity as assessed by DC-SIGN expression). As shown in Figure 2A , highly purified mDCs were as effective as DCs derived from adherent monocytes in inducing CD8 ϩ T-cell proliferation (dark hatched bar) whereas highly purified MPA-DCs did not ( Figure 2A light hatched bar). This suggested that the inhibition of CD8 proliferation by MPADCs was truly due to its impact on DCs.
Because the requirements for activation of naive and memory CD8 ϩ cells are quite different, we decided to assess whether MPA-DCs could affect both memory and naive CD8 ϩ T cells. CD45RA ϩ -depleted T cells (memory) and positively selected CD45RA ϩ T cells (naive) were used as responders in MLR with allogeneic MPA-DCs. As shown in Figure 2B , mDCs induced proliferation of both naive CD8 ϩ (CD45RA ϩ ) and memory CD8 ϩ (CD45RO ϩ ) T cells at similar levels while MPA-DCs were unable to induce responsiveness in either of the 2 subsets of CD8.
As IL-2 is important in the activation and in the proliferation of T cells, we hypothesized that cells activated by MPA-DCs did not produce enough IL-2 to sustain their own proliferation. As shown in Figure 2C , adding exogenous IL-2 during MLR with MPA-DCs resulted in a strong response by allogeneic CD8 ϩ T cells. This suggested that poor IL-2 availability during coculture with MPA-DCs might be involved in the hyporesponsiveness.
As reported in seminal studies by Schwartz and Jenkins, 31 anergy is a state in which T cells are incapable of producing their own IL-2 on restimulation with antigen, and this is reversed by stimulating the cells in the presence of exogenous IL-2. We therefore added exogenous IL-2 during the second MLR and found that T cells became fully reactive to the first donor's mature 
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Finally, we tested whether CD8 ϩ T-cell anergy induced by MPA-DCs was restricted to T cells specifically reactive to alloantigens expressed by DC. As shown in Figure 2D , CD8 ϩ T cells first activated by first party allogeneic MPA-DCs proliferated abundantly in response to mDCs from a third party (hatched bars), whereas they remained nonresponsive to restimulation with mDCs from the first donor (filled bars), demonstrating the antigenspecificity of the hyporesponsiveness. Taken together, these findings strongly suggest that MPA-DCs induce alloantigen-specific anergy of CD8 ϩ T cells.
Phenotype characteristics of CD8 ؉ T cells after 6 days of coculture with mDCs or MPA-DCs
We analyzed the phenotype characteristics of CD8 ϩ T cells after 6 days' coculture with mDCs or MPA-DCs. Markers such as CD25, CD28, CD69, CD152 (CTLA-4), CD154 (CD40L), and CD134 (Ox40) associated with T-cell activation were tested. In addition, we also analyzed CD103 (␤7 integrin), which has previously been reported as expressed by a subpopulation of CD8 ϩ T cells with regulatory ability. 32 Moreover, we assessed the expression of CD39 demonstrated to define distinct cytotoxic subsets within alloactivated human CD8 ϩ T cells. 33 Not surprisingly, we found that MPA-DCs and mDCs induced different levels of expression of activation markers, such as CD25 and CD69, on allogeneic CD8 ϩ T cells (19.4% Ϯ 9% vs 36.7% Ϯ 7%, P ϭ .008, and 16.9% Ϯ 9% vs 27.1% Ϯ 11%, P ϭ .018, respectively, n ϭ 6; Figure 3 ). These results confirmed that MPA strongly reduced the ability of mDCs to activate purified CD8 cells. We also examined the influence of MPA-DCs on the expression of several costimulatory molecules of CD8 ϩ T cells. As shown in Figure 3 , MPA-DCs induced lower percentages of positive cells for CD134 (11.7% Ϯ 5% vs 23.8% Ϯ 7%, P ϭ .016) and for intracellular CD152 (9.3% Ϯ 5% vs 39.2% Ϯ 9%, P ϭ .016). Interestingly, the percentage of CD28 high cells was reduced in response to MPA-DCs (13.3% Ϯ 9% vs 40.9% Ϯ 9%, P ϭ .008). The expressions of CD154 and CD103 were slightly decreased in CD8 ϩ MPA-DCs compared with CD8 ϩ mDCs while the expression of CD62L and TNF-related activation-induced cytokine, or receptor activator for nuclear factor B ligand were similar in the 2 populations (data not shown). A similar proportion of the cells expressed Foxp3 in the 2 populations (6%, data not shown). Finally, CD8 ϩ MPA-DCs exhibited much lower expression of CD39 compared with CD8 ϩ mDCs on day 6 of culture ( Figure 3 ). Having demonstrated that MPA-DCs were poor stimulators of allogeneic CD8 ϩ T cells, we next investigated how MPA-DCs could alter the cytokine synthesis pattern of CD8 ϩ T cells. CD8 ϩ T cells were therefore activated by mDCs or MPA-DCs for 6 days and production of different cytokines was measured by ELISA.
The results presented in Figure 4 show that the levels of IL-2, TNF-␣ ( Figure 4A ), and IFN-␥ ( Figure 4B) were lower in the supernatants of CD8 ϩ activated with MPA-DCs, whereas TGF-␤, IL-4, IL-5, and IL-10 levels were significantly higher (P Ͻ .05; Figure 4 ). Because IFN-␥ was produced by both DC and CD8 ϩ T cells, we assessed intracytoplasmic production in CD8 ϩ T cells. We found that CD8 ϩ T cells activated with MPA-DCs produced less IFN-␥ than those activated with mDCs ( Figure 4B ). We also analyzed the secretion of IL-17 that was barely detectable, and the levels were not significantly different between the 2 conditions (data not shown). Finally, we could not detect any significant level of IL-6 in any condition (data not shown). Furthermore, these results indicated that MPA-DCs induced CD8 ϩ T cells characterized by low level of IFN-␥ secretion and high production of IL-4, suggesting a Th2-type cytokine profile as reported by Vukmanovic-Stejic et al. 34 mDCs induced cytotoxic CD8 ؉ T cells independently of CD4 ؉ T cells, whereas MPA-DCs induced lower cytotoxic activity in allogeneic CD8 ؉ T cells Finally, we investigated whether CD8 ϩ mDC and CD8 ϩ MPA-DC populations had different cytotoxic activity against targets using a test based on double staining with CFSE/7-AAD, as previously described by Lecoeur et al. 35 As shown in Figure 5A , the PSL induced by CD8 ϩ mDCs was 50.2% compared with For personal use only. on April 22, 2017 . by guest www.bloodjournal.org From only 28.8% with CD8 ϩ MPA-DCs at a E:T ratio of 1:1. Figure  5B demonstrates that PBMC lysis correlated well with the E:T ratio and that PSL induced by CD8 ϩ [MPA-DC]s was consistently lower than with CD8 ϩ mDCs whatever the E:T ratio used ( Figure  5B black symbols) . We also performed experiments with PBMC target cells from a third party and found that the 2 subsets were not able to lyse PBMCs from an unrelated donor, thus confirming that the cytotoxicity of CD8 ϩ was antigen-specific ( Figure 5B empty symbols).
Because CD4-independent memory CD8 ϩ T cells are powerful mediators of allograft rejection, 2, 6 we checked whether MPA-DCs could reduce the cytotoxic activity in this subset. As shown in Figure 5C , both naive and memory CD8 ϩ T cells exhibited a reduced cytotoxic function in response to MPA-DCs.
To provide a more complete assessment of the functionality of CD8 ϩ T cells, we also analyzed markers associated with cytotoxic granules such as granzymes, perforin 36 and CD107 expressed on the surface of effector cytotoxic cells after degranulation. 37, 38 Figure 5D shows that the percentage of positive cells expressing perforin was significantly decreased in CD8 ϩ T cells stimulated by MPA-DCs (9.83% Ϯ 2.1% vs 17.7% Ϯ 2.6%; P ϭ .016). Similarly, levels of expression of granzymes A and B were decreased in CD8 ϩ MPA-DCs compared with CD8 ϩ mDCs (7.23% Ϯ 1% vs 16.3% Ϯ 2.8%, and 10.15% Ϯ 1.8% vs 20.23% Ϯ 2.4%, respectively; P ϭ .016). Finally, the percentage of CD107-positive cells was also lower in CD8 ϩ MPA-DCs (15.05% Ϯ 9% compared with 29.3% Ϯ 10% in CD8 ϩ T cells activated by mDCs, P ϭ .031; Figure 5D ). Taken together, these findings demonstrated that MPA diminished the ability of DCs to induce cytotoxic functions in CD8 ϩ cells.
CD8 ؉ T cells activated by MPA-DCs had no regulatory activity
Given that the CD8 ϩ MPA-DCs were able to produce regulatory cytokines such as IL-10 and TGF-␤, and in view of their low proliferative capacity, we examined their ability to regulate allogeneic CD4 ϩ T-cell proliferation. CD8 ϩ cells preactivated by MPA-DCs were mixed with responding autologous CD4 ϩ T cells and mature DCs obtained from the same donor as MPA-DCs (the donor used to stimulate CD8 ϩ T cells). As shown in Figure 6A , addition of CD8 ϩ MPA-DCs did not affect the proliferation of responding CD4 ϩ T cells activated with mDCs over 5 days whatever the ratio used. We also checked that CD8 ϩ MPA-DCs remained unresponsive after restimulation with mature DC (data not shown). Moreover, same results were obtained with different responder populations such as PBMCs, total T cells, or also CD8 ϩ T cells (data not shown).
We also assessed the secretion of IFN-␥ in these MLRs. As shown in Figure 6B , high IFN-␥ concentrations were found in the supernatants of CD4 ϩ T cells activated with mDCs, and addition of CD8 ϩ MPA-DCs had no effect on IFN-␥ secretion (18 467 Ϯ 4803 pg/mL vs 15 468 Ϯ 2852 pg/mL; P Ͼ .05, n ϭ 5). We checked that CD8 ϩ T cells first activated with MPA-DCs secreted very low levels of this cytokine after restimulation with mature DCs (1501 Ϯ 686ʈpg/mL), suggesting that the concentration observed in MLRs with CD4 ϩ cells mainly originated from the CD4 ϩ T lymphocytes. However, to assess definitively that CD8 ϩ MPA-DCs did not affect the level of IFN-␥ production by CD4 ϩ cells, we carried out double staining for CD4 and intracytoplasmic IFN-␥ in MLRs in the presence or absence of CD8 ϩ MPA-DCs and found similar fractions of CD4 ϩ T cells expressing this cytokine in both conditions ( Figure 6C ). Taken 
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IFN-␥ synthesis was crucial for the ability of DCs to activate CD8 ؉ T cells
To explore whether deficit in IFN-␥ synthesis by MPA-DCs was involved in their inability to activate CD8 ϩ T cells, DC maturation was induced in the presence of exogenous IFN-␥ along with LPS and MPA. As shown in Figure 7 , recombinant human IFN-␥ totally restored the production of TNF-␣ and IL-12 in MPA-DCs ( Figure  7A ) while addition of a blocking anti-IFN-␥ antibody with LPS (designated mDC [anti IFN-␥] ) strongly decreased IL-12 and TNF-␣ secretions ( Figure 7B ). We then analyzed the early expression of CD107 (a cytotoxic associated marker) in allogeneic CD8 ϩ T cells. At 24 hours of coculture, we found that pretreatment of MPA-DCs with IFN-␥ increased CD107 expression compared with stimulation with MPA-DCs (24.4% vs 9%; Figure 7C ) whereas anti-IFN-␥-pretreated DCs decreased CD107 expression compared with stimulation with untreated mDCs (35.2% vs 55.1%).
We also found that pretreatment of MPA-DCs with IFN-␥ increased their ability to induce CD8 ϩ cells proliferation as shown by either CFSE dilution (55% vs 29% of CD8 ϩ T cells had proliferated; Figure 7D ) or [3H] incorporation (8320 Ϯ 510 cpm vs 2826 Ϯ 650 cpm; P ϭ .05, Figure 7E ). Interestingly and in contrast with what happened with IFN-␥, the pretreatment of MPA-DCs with either rh IL-12 or TNF-␣ or IL-2 did not influence their ability to activate CD8 ϩ T cells ( Figure 7E ).
Taken together, these findings indicate that in the absence of CD4 ϩ T cells, IFN-␥ synthesis by DCs is of crucial importance to induce CD8 ϩ cells activation via an autocrine loop and that the modulation of IFN-␥ synthesis induced by MPA in DCs has a pivotal role.
Discussion
The activation of memory allogeneic-reactive CD8 ϩ T cells appears to be a major obstacle to tolerance induction. [2] [3] [4] The mechanisms involved in the activation of alloreactive CD8 ϩ T cells are far from being elucidated, and improving understanding of these mechanisms might therefore be valuable for transplantation. The requirement for helper T cells in priming cytotoxic T lymphocyte (CTL) responses has come under intense scrutiny and has led to disparate findings. In organ transplantation, many early studies emphasized the role of CD4-dependent CD8 ϩ T cells, 39 but the role of CD4-independent CD8 ϩ T cells in allograft rejection has been reported in mouse models. 19 However, in humans there remain doubts as to whether CD8 ϩ T cells can generate cytotoxic CD8 ϩ responses to an allograft in the absence of T-helper cells. Interestingly, our results showed that human monocyte-derived DCs activated with LPS were able to induce cytotoxic effector functions in allogeneic CD8 ϩ T cells in the absence of help from CD4 ϩ T cells. These results were consistent with previous reports 23, 24, 28 but were in contrast with those of Kelleher et al. 40 In fact, Kelleher's study showed that LPS activation of DCs was insufficient to generate CTLs from naive polyclonal CD8 ϩ T cells, but they studied a peptide-specific response characterized by a low frequency of precursors. In our model, the high frequency of alloreactive CD8 ϩ precursors via the direct pathway 41 might be sufficient to provide their own help for activation into effector cells by DCs, as suggested by a study of Wang et al. 42 Much of the variability in requirement for CD4 T cells in generating CD8 ϩ T-cell responses might also lie in the type of APCs and in the way in which they are activated by exposure to different types of antigens or conditions of inflammation. 43 Several studies have highlighted the critical role of the costimulatory molecule CD70 in the promotion of CD8 ϩ cytotoxic T-cell activation. 28 We therefore analyzed its expression but, in contrast with the situation in mice, we were unable to demonstrate any expression of CD70 on human For personal use only. on April 22, 2017 . by guest www.bloodjournal.org From mature DCs, suggesting that CD70 is probably not involved in the generation of cytotoxic CD8 ϩ T cells by LPS-matured DCs, which is in accordance with a recently published paper. 29 We also demonstrated in this study that MPA-DCs induced CD8 ϩ T-cell anergy. While anergy in CD4 ϩ T cells has been widely reported, it is less well characterized in CD8 ϩ T cells. Anergy is defined as an active process leading to the inability of antigenspecific T cells to produce IL-2 and to expand clonally on rechallenge with fully competent APCs. 44 Anergy occurs when T-cell receptors are ligated by antigen in the absence of effective costimulation signals (second signal). However, we found that, in contrast to what we have previously reported with TNF-␣, MPA did not affect the up-regulation of costimulatory molecules such as CD40, CD80, and CD86 in the presence of LPS, 27 suggesting that CD8 ϩ T-cell anergy could be induced despite high expression of these costimulatory molecules. The inhibition of the synthesis of several DC-derived cytokines by MPA might thus have participated in the ability of DCs to induce anergy. These cytokines might have a role either by acting directly on T cells (by giving a survival or proliferation signal) or by licensing the DCs in their ability to activate CD8 ϩ T cells. We explored the second hypothesis further, in particular the involvement of IL-12 and IFN-␥. After demonstrating that MPA inhibited the synthesis of IFN-␥ in human DCs, we found that adding exogenous IFN-␥ to MPA and LPS exclusively during the DC maturation phase restored synthesis of IL-12 and TNF-␣ in DCs and their ability to activate CD8 ϩ T cells, whereas exogenous IL-12 had no effect. These results suggested that IFN-␥ had a crucial role in licensing DCs to induce primary allogeneic CTL expansion independently of CD4 ϩ T cells. Several studies in B6 mice recipients in which CD4 ϩ help was inhibited by costimulation blockade showed that CD8 ϩ T-cell-mediated rejection was dependent on IFN-␥ signals delivered to recipient cells. 45 However, the mechanisms by which IFN-␥ promotes the development of anti-donor CD8 ϩ T cells in the setting of costimulation blockade have not been elucidated to date. Our results raise the possibility that the DC might indeed be the target of IFN-␥.
We next questioned the origin of IFN-␥ and we demonstrated by intracytoplasmic staining that DC produced IFN-␥ after LPS stimulation in accordance with other studies. 46, 47 Synthesis of IFN-␥ by DCs has not been extensively studied and its role has not been firmly established. These results suggest that DC-derived IFN-␥ may be an autocrine starter signal that may activate DCs to a sufficient level to stimulate alloreactive CD8 ϩ cells if present in a sufficient number. These activated T cells secrete cytokines that may in turn amplify the activation of neighboring APCs, initiating a positive feedback loop on DCs independently of CD40 signaling, as suggested by a study by Ruedl et al. 48 A recent study in humans suggested a role for the direct pathway of antigen presentation in long term allograft injury, 49 and it has been shown in mice that CD8 ϩ T cells can be activated via the direct pathway in the absence of donor-derived DCs. 50 Taken together, these results suggest that the activation of CD8 ϩ T cells via the direct pathway might be active and lead to tissue damage for a much longer period than previously thought in immunosuppressed transplant patients. It therefore appears important to inhibit this response over long periods. In this context, the ability of MPA to directly modulate the capacity of DCs to activate allogeneic CD4-independent memory CD8 ϩ T cells might be involved in its benefit in clinical transplantation. Finally, these results provide encouragement for further investigations into the potency of MPA-treated DCs to modulate the alloimmune response in experimental transplantation models.
In conclusion, our findings indicate that LPS is sufficient to raise human DCs to a certain activation state capable of expanding alloreactive CD8 ϩ T cells and inducing fully functional cytotoxic cells in the absence of CD4 ϩ T cells. Our results also suggest that IFN-␥ has an important role in licensing DCs to prime allogeneic CD4-independent CD8 ϩ T cells via an autocrine loop. We also 
